Introduction: There is no well-recognized biomarker for accurately predicting out-
| INTRODUC TI ON
Moyamoya disease (MMD) is a progressive occlusive cerebrovascular disease of the internal carotid arteries or their branches with compensatory development of a fine collateral vascular network at the base of the brain (moyamoya vessels) (Suzuki & Takaku, 1969; Takeuchi & Shimizu, 1957) . The most characteristic feature of MMD pathology is thickening of the intima with the proliferation of smooth muscle cells (Phi et al., 2017) . The etiology of MMD remains unknown. Genetic factors may play a role in about 10% of patients (Kim et al., 2010) . In East Asian countries, the Ring Finger protein 213 (RNF213) gene is an important susceptibility gene for MMD (Bang, Chung, et al., 2016; Kim, 2016) . Factors that might play a role in the pathophysiology include circulating endothelial progenitor cells (EPCs), circulating smooth muscle progenitor cells (SPCs), and cytokines related to vascular remodeling and angiogenesis (Bang, Fujimura, & Kim, 2016) . Prior studies to predict the presence of MMD using various invasive or noninvasive approaches including inflammatory molecules, cytokines, chemokines, and growth factors in serum and cerebrospinal fluid (CSF) have revealed varying levels of discriminatory capacity (Bedini et al., 2016) . There is no well-recognized surrogate biomarker that can accurately predict the outcome of confirmed MMD, although there have been efforts to find serological biomarkers in MMD, such as serum levels of matrix metalloproteases, cytokines, trophic factors, and caveolin-1. Surgical revascularization is used for preventing stroke in patients with MMD (Bang, Fujimura, et al., 2016; . The strategy for revascularization is to use the external carotid system to augment intracranial blood flow .
Endothelial progenitor cells (EPCs) represent some bone marrow-derived cells described and isolated for the first time from human peripheral blood by Asahara et al. (1997) . Following hypoxia or vascular injury, EPCs are recruited into the systemic circulation by secretion of various proangiogenic cytokines (Heil, Ziegelhoeffer, Mees, & Schaper, 2004; Khakoo & Finkel, 2005; Takahashi et al., 1999; Timmermans et al., 2009) . They have the capacity to proliferate, migrate, and differentiate into endothelial-like cells without acquiring the features of mature endothelial cell (EC) markers (Khakoo & Finkel, 2005) . Patients with MMD have been found to have increased levels of EPCs (Rafat, Beck, Pena-Tapia, Schmiedek, & Vajkoczy, 2009 ). However, there have been controversial results about the levels of EPCs in MMD.
For example, Kim et al. (2010) reported that the level and function of EPCs in childhood MMD were decreased, and Jung et al. (2008) showed that the functional activity of EPCs was impaired in MMD. A subpopulation of EPCs in MMD has been identified as colony-forming unit and outgrowth cells (Jung et al., 2008) .
As some EPCs are known to contribute to neovascularization by differentiating into mature ECs while other EPC subsets function via paracrine effects, circulating cells have been hypothesized to be involved in vascular remodeling in MMD. They stimulate angiogenic activity of resting endothelial cells leading to their proliferation and sprouting . EPCs have been investigated to better understand and characterize MMD pathogenesis, but the results have been conflicting (Jung et al., 2008; Kim et al., 2010; Rafat et al., 2009; Yoshihara et al., 2008) . Lack of uniformity in terminology and methodology has caused considerable confusion in characterizing EPCs, and this may be the predominant reason for the variability in published results. Several authors have used polychromatic flow cytometry to better characterize these circulating cells and have reported that the vast majority of EPCs are comprised of proangiogenic hematopoietic cells that do not display in vivo vessel-forming ability, but promote recovery of vascular endothelial functions via paracrine mechanisms (Duda, Cohen, Scadden, & Jain, 2007; Khan, Solomon, & McCoy, 2005) .
Circulating endothelial cells (CECs), first described in 1970 (Bouvier, Cintron, Bernhardt, & Spaet, 1970; Hladovec & Rossamann, 1973) , have been recognized as markers of vascular injury. CECs can be derived from the vascular wall (mature CECs), or recruited from the bone marrow, as endothelial progenitor cells (EPCs) (Asahara et al., 1997) , in response to various stimuli such as ischemia, vascular trauma, and acute myocardial infarction, sickle cell anemia, vasculitis, and pulmonary hypertension. Both EPCs and CECs have been defined on the basis of surface markers (Goon, Lip, Boos, Stonelake, & Blann, 2006) . Several authors have reported increased numbers of CECs in response to a variety of stresses or pathological conditions (Koc, Bihorac, & Segal, 2003) . The presence of these cells has also been associated with angiogenic potential (Khan et al., 2005) .
Although there have been a number of studies that focused on CECs, no study has investigated the presence of CECs in the plasma of patients with MMD in the clinical setting. Therefore, the aim of our study was to investigate the presence of EPCs and CECs in patients with MMD, and to correlate the findings with clinical features of the patients. (1) and (2) must be present (Duda et al., 2007) . Sixteen patients presenting with unilateral MMD were included. All patients with MMD were nonhemorrhagic. The median sampling time after stroke onset was 4 months (range: 2.5 months to 6 years). All patients were studied before undergoing bypass surgery. Exclusion criteria were intracranial atherosclerosis, meningitis, Down syndrome, systemic vasculitis, acute stroke, hyperthyroidism, neurofibromatosis, leptospiral infection, or prior skull-base radiation therapy. Most of these conditions had been excluded to accurately diagnose MMD (Bang, Fujimura, et al., 2016; Fujimura & Tominaga, 2015) . The autoimmune disease hyperthyroidism was excluded because autoimmune diseases can cause MMD. For controls, we recruited 81 healthy volunteers aged 18 years or older from our department staff, hereafter referred to as healthy controls. They were matched mainly on the basis of age and sex. The volunteers were scanned with transcranial Doppler to exclude individuals with cerebrovascular disease. Patients in whom MMD was associated with endothelial injury, such as trauma, cancer, antiphospholipid antibodies, surgery within the last 3 months, pregnancy, renal disease, or hepatic disease were excluded from the study, and the same exclusion criteria were applied for the controls.
| MATERIAL S AND ME THODS

| Patient selection
Clinical records, including hospital charts, clinic notes, serological examination, and radiological studies, were reviewed. History of hypertension, diabetes, and coronary heart disease was recorded.
The angiographic stage was evaluated according to Suzuki's classification (Suzuki & Takaku, 1969) ; the higher Suzuki grade was used when measures differed from side to side. Based upon the morphology of the moyamoya vessels, all patients were divided into three groups: no moyamoya vessels (Suzuki stages 1 and 6), a small amount of moyamoya vessels (Suzuki stages 2 and 5), and a large amount of moyamoya vessels (Suzuki stages 3 and 4). The study was approved by the Research Ethics Board at 307 Hospital, and all the individuals signed a written informed consent. All the procedures utilized in this study were in agreement with the Declaration of Helsinki.
| Blood sampling and flow cytometry analyses
To evaluate CECs and EPCs, blood samples were drawn from an antecubital vein. Venous blood was collected in 5-ml acid-citratedextrose tubes and processed within 3 hr of collection. Blood samples were kept at 4°C throughout the procedure. Wholeperipheral blood samples were analyzed by flow cytometry (Duda et al., 2007) . During the procedure, fresh samples were centrifuged at 700 g for 20 min with no brake. The upper phase (plasma) was gently removed into a separate tube and stored in 0.25-ml aliquots. The lower phase containing the blood cells was resuspended using 10 ml of cold 1 × PBS containing 0.5% (w/v) BSA and 1.5 mM EDTA and centrifuged at 700 g for 20 min with no brake for a second time. The upper phase was removed and discarded; the cell pellet was resuspended, and 2.5 ml was transferred into a separate tube and kept on ice. Concomitantly, 500 μl of samples was also transferred into one isotype control and four sample tubes and the appropriate antibodies (CD31-FITC, CD34-APC, CD45-PerCP, and CD133-PE) were added. Then, 9 ml of ACK lysing buffer was added (to lyse red blood cells), vortexed briefly, and incubated at room temperature (18-25°C) for 3 min.
The cell suspension was washed twice with 9 ml of cold regular 1 × PBS and centrifuged at 250 g at 4°C with brake for 5 min.
The cell pellet was resuspended in 500 μl of 1 × PBS, and the samples were filtered through a 40-μm cell strainer into 5-ml BD Falcon tubes. The tubes were held at 4°C (or on ice) in the dark before acquisition on the flow cytometer. 
| Statistical analysis
All the clinical characteristic data are presented as means ± standard deviations (SD) with a range (min. to max.) for continuous variables and n (%) for categorical ones. The dispersion in age between patients with MMD and healthy controls was presented as mean ± SD and compared using two-sample t test, and data on sex of patients with MMD and healthy controls were presented as n (%) and compared 
| RE SULTS
| Patient population
This study enrolled 66 patients with MMD (29 males/37 females) and 81 healthy controls (36 males/45 females). There was no significant difference in age or sex between the patients with MMD and healthy controls ( Table 1 ).
All of the relevant clinical characteristics of the patients with MMD are summarized in 
| Quantification of CECs and EPCs
Endothelial progenitor cell counts in the patients with MMD were higher (0.046% ± 0.037% of blood mononuclear cells) than EPC counts were associated with age (p = 0.020), and the concomitant disease (e.g., hypertension/diabetes and coronary heart disease) was also considered into following multivariate analysis of EPC counts although the significance was at borderline (p = 0.054).
However, in multivariate analysis EPC counts were only associated with the age of patients with MMD without including concomitant disease (age: β = −0.009, p = 0.049) (Supporting Information Table   S1 ).
In the univariate analysis in Table 3 , the two variables that were significantly associated with EPC counts, concomitant disease and age, were retained and put into subsequent multivariate analysis.
CEC counts were only significantly associated with concomitant disease (β = 0.649, p = 0.030). And the moyamoya vessels were also considered in the following multivariate analysis of CEC counts although the significance for a large amount of moyamoya vessels was borderline (β = 0.622, p = 0.073). The results showed a significant association between concomitant disease and CEC counts (β = 0.564, p = 0.039) (Supporting Information Table S1 ).
The mean modified Rankin Scale (mRS) score was 1.03 (SD = 1.34).
Thirty-four patients had a score of 0, 13 a score of 1, 8 a score of 2, 5 a score of 3, and 6 a score of 4. The results of correlation analysis showed mRS score was negatively correlated with EPC counts (r = −0.285, p = 0.022). However, there was no significant correlation between CEC counts and mRS score (r = −0.048, p = 0.703).
| D ISCUSS I ON
Our study is the first to investigate the presence of CECs in the plasma of patients with MMD. CECs have been used as a marker in a variety of vascular disorders, and our results of increased CECs in MMD provide evidence that vascular injury is crucial for the development of MMD. Our most important finding was that the amount of CECs was negatively correlated with concomitant disease such as hypertension, diabetes mellitus, and coronary heart disease.
We also found that patients with MMD had increased EPC and CEC counts and that EPC counts were independently associated with patient age. Our results might suggest further avenues of research to understand the pathogenesis of the condition. which can even better characterize these circulating cells (Duda et al., 2007) . Using this protocol, we found that two populations were detectable in numbers (Figure 1 Notes. Data are presented as means ± standard deviations (SD) with a range (min. to max.) for age and n (%) for sex. MMD: moyamoya disease.
TA B L E 1 Demographics of patients with MMD and healthy controls
This initial study is the first to assess CEC levels in MMD, and the results suggest that CEC levels are significantly higher in patients with MMD as compared with healthy controls. Endothelial with widespread vascular damage, such as antineutrophil cytoplasmic antibody-associated small vessel vasculitis (Woywodt, Streiber, et al., 2003) , sickle cell crisis (Belcher et al., 2003) , and pulmonary hypertension (Bull et al., 2003) . Therefore, CECs have been used as a marker of endothelial damage in a variety of vascular disorders (Alessio et al., 2013; Davignon & Ganz, 2004; Dignat-George & Sampol, 2000) . Elevated CEC levels have been observed in various pathological conditions associated with vascular disease and are considered by some to be a biomarker of disease severity in vascular conditions (Erdbruegger, Haubitz, & Woywodt, 2006) . Indeed, the vascular endothelium is intimately linked with a variety of conditions including cardiovascular, autoimmune, infectious, and neoplastic diseases (Bertolini, Shaked, Mancuso, & Kerbel, 2006; Bull et al., 2003; Clancy et al., 2001; Goon, Boos, & Lip, 2005; Percivalle, Revello, Vago, Morini, & Gerna, 1993; Quilici et al., 2004; Woywodt, Schroeder, et al., 2003) . Vascular injury represents a major initiating step in the pathogenesis of atherosclerosis. Vascular injury is followed by lipid accumulation, monocyte and platelet adhesion, and smooth muscle cell proliferation resulting in plaque formation (Willerson, 2002) . Similarly, MMD has been characterized by prominent vascular changes probably caused by endothelium injury, followed by intima thickening composed of fibrocellular materials, and smooth muscle cells proliferating (Fukui, Kono, Sueishi, & Ikezaki, 2000) . Thus, CECs may serve as an in vivo indicator of vascular injuries and may enable probing into the functional and metabolic changes of in vivo endothelial cells in different vascular diseases.
We postulate that endothelial cell injury is the inciting event in
MMD pathology under some conditions, such as infections, immunological defects, or hemodynamic stress, particularly in individuals with a specific genetic background and/or angiogenic abnormality.
In this study, we found a significant relationship between EPC counts and age. In a study of patients with type 1 diabetes, it was found that younger patients (age < 20 years) had significantly higher circulating EPC counts than adult patients (Arcangeli et al., 2017) .
Disease duration has no effect on this finding. This suggests that younger patients may have greater protection against vascular damage than older patients.
Previous studies reported that CEC counts only reflected endothelium injury, but did not correlate with age, gender, serum cholesterol, hypertension, obesity, history of cardiovascular disease, glucose levels, or smoking (Clancy et al., 2001; Goon et al., 2005) .
These results are in accordance with our study. As vascular injury exists in hypertension, diabetes mellitus, and coronary heart disease, MMD concomitant with these diseases may lead to superimposed damage to the endothelium. That could explain our results.
The results of a study by Wihastuti, Sargowo, Agoes, and Satuman Heriansyah (2014) might be of value in obtaining further understanding of our findings. They studied three groups: a healthy group, a group with vascular risk factors, and a group with vascular disease (coronary heart disease, diabetes, or stroke). They found that the group with vascular disease had the highest levels of CECs and the healthy group the lowest levels. They concluded that CEC expression is related to both vascular disease and risk factors for vascular disease. CECs can be derived from the vascular wall (mature CECs), or EPCs (Asahara et al., 1997) . Our results showed that CEC counts had no significant correlation with EPC counts (p > 0.05). From the results, we deduced that CECs may be derived from the vascular wall.
It should be noted that in this study, high EPC counts correlated with better mRS score. This could be interpreted to mean that good angiogenesis leads to less permanent brain damage. The percentage of patients with posterior cerebral artery (PCA) involvement in our study was 34.5%, which might be considered high. However, similar levels of PCA involvement have been reported in other studies Lee, Kim, Phi, & Wang, 2015) .
It is possible that increased levels of CECs and EPCs in MMD patients with hypertension and/or coronary heart disease could solely be due to concomitant disease. However, the increased levels could be attributable to concomitant disease and MMD.
There are certain limitations to this study that should be noted.
The most important one is the already mentioned difficulty in characterizing CECs and EPCs. It is unreasonable to compare our results with other studies using distinct markers for CEC and EPC evaluation in patients without a standardization of the protocol. Another limitation is that we did not confirm our results using EPC culture assay, such as CFU-EC and ECFC. However, our idea was to perform TA B L E 3 Univariate linear regression of EPC counts and CEC counts with regard to all the characteristics of patients with MMD (N = 66)
In conclusion, this study is the first to investigate the presence of CECs in the plasma of patients with MMD. We found a negative correlation between CEC count and concomitant disease such as hypertension, diabetes mellitus, and coronary heart disease. Our results may be useful to further understanding of the pathogenesis of MMD.
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